We previously used a three-dimensional (3D) reconstituted basement membrane (rBM) assay to demonstrate that tumorigenic HMT-3522 T4-2 human breast cells can be induced to form morphologically normal structures ("reversion") by treatment with inhibitors of ␤1 integrin, the epidermal growth factor receptor (EGFR), or mitogenactivated protein kinase (MAPK). We have now used this assay to identify reversion and/or death requirements of several more aggressive human breast cancer cell lines. 
Epithelial tissue structure and function depend on coordinated cues from the extracellular matrix (ECM), neighboring cells, and growth factors (1, 2) . The integrin family of cell-ECM adhesion receptors, the cadherin family of cell-cell adhesion receptors, and the epidermal growth factor receptor (EGFR) family participate in mediating these signals. Misregulation of these signaling pathways results in a loss of tissue organization and can contribute to tumor formation and progression (3, 4) . We have developed a three-dimensional (3D) assay that uses a gel of reconstituted basement membrane (rBM) proteins in which phenotypically normal and malignant human breast cells can be distinguished from each other by differences in structural organization and growth behavior (5), and we have used this assay to investigate alterations in signaling pathways that accompany the acquisition of malignancy in a progression model (6, 7) of human breast cancer development. When cultured in 3D rBM, nonmalignant, early-passage HMT-3522 cells (called S1 cells) develop into growth-arrested, phenotypically normal structures that are reminiscent of terminal ductal lobular units (or acini) with functional E-cadherin-containing cell-cell junctions, integrins with polarized localization, and basal secretion of basement membrane components. The malignant HMT-3522 cells (called T4-2 cells), derived after removal of EGF from the culture medium (7) , form disorganized colonies with compromised cell-cell adhesion, and these cells are tumorigenic in nude mice. Comparison of S1 and T4-2 cells revealed that the latter cells express elevated levels and activities of ␤1 integrins, EGFR, and mitogen-activated protein kinase (MAPK). Nevertheless, the T4-2 cells can undergo a phenotypic reversion to a growth-arrested and polarized structure in response to treatment with an inhibitory antibody against ␤1 integrin, an EGFR inhibitor, or an MKK1 (mitogen kinase kinase 1) inhibitor (8, 9) . Consequently, the phenotype associated with the unbalanced signaling resulting from activation of MAPK, likely mediated by increased levels of ␤1 integrins and EGFR, can be restored to normal in this malignant cell line with a single inhibitor. These experiments show that the 3D rBM assay is a tractable model that allows molecular events leading to malignant behavior can be systematically dissected.
In this study, we asked whether other breast cancer cell lines, including metastatic and invasive lines, could be induced to revert to a normal phenotype. For these experiments, MCF7 cells were chosen as representative of rapidly growing tumor cells that are E-cadherin positive, vimentin negative, and noninvasive (10) . (E-cadherin is an adhesion molecule and a tumor suppressor. Vimentin is an intermediate filament protein.) MDA-MB-231 and Hs578T breast tumor cells were chosen as examples of invasive and metastatic tumor cells that express vimentin and lack E-cadherin (11, 12) . All cell lines examined show constitutive deregulation of growth factor/cell adhesion signaling pathways due, in part, to mutation and/or overexpression of downstream ras guanosine 5Ј-triphosphatases (GTPases) (13) (14) (15) and elevated levels of ␤1 integrins, phosphatidylinositol 3-kinases (PI3Ks), and MAPK (16) (17) (18) .
MATERIALS AND METHODS

Cell Culture
The human breast cancer cell lines MCF7 and MDA-MB-231 were obtained from the American Type Culture Collection (Manassas, VA), and Hs578T cells were a gift from Dr. J. Mott (Lawrence Berkeley National Laboratory, Berkeley, CA). E-cadherin-positive MDA-MB-231 cells were obtained by transfecting parental MDA-MB-231 cells with a full-length mouse E-cadherin cDNA in pBATEM2 plasmid under the control of the chicken ␤-actin promoter (11) . E-cadherin-transfected MDA-MB-231 cells were referred to as MDA-E-cad cells. All cell lines were maintained in Dulbecco's modified Eagle medium (DMEM)/F12 (Life Technologies [Gibco BRL], Rockville, MD) with 5% fetal bovine serum and penicillin/streptomycin. MDA-MB-231 cells transfected with vector (clone MR) or E-cadherin (clone M) (19) were cultured in DMEM/F12 containing 5% fetal bovine serum and G418 (500 g/mL). HMT-3522 mammary epithelial cells were cultured in H14 medium (DMEM/F12 containing insulin at 250 ng/mL, transferrin at 10 g/mL, sodium selenite at 2.6 ng/mL, 1 × 10 -10 M estradiol, 1.4 × 10 -6 M hydrocortisone, and prolactin at 5 g/mL). The nonmalignant S1 cells were grown on plastic in medium containing EGF at 10 ng/mL, and the malignant T4-2 cells were propagated on collagen type I-coated dishes in the absence of EGF (7) (8) (9) . The 3D rBM cultures were prepared by growing cells to confluence as monolayers, followed by trypsinization and embedding (S1 and T4-2 cells at 8.5 × 10 5 cells/mL, MDA-MB-231 cells at 5 × 10 5 cells/mL) inside a commercially prepared rBM that is produced by Englebreth-Holm-Swarm tumors (Matrigel, growth factor reduced; Collaborative Research, Inc., Waltham, MA) (5, 8, 9) . S1 and T4-2 cells grown in 3D rBM were maintained in medium as described above, and MDA-MB-231 cells were cultured in DMEM/F12 medium. All cultures were analyzed after 10 days of cultivation in Matrigel.
Blocking Antibodies and Inhibitors
The ␤1 integrin function-blocking monoclonal antibody AIIB2 (a gift from C. Damsky, University of California at San Francisco) (20) was introduced into the cell-embedded substratum as purified rat immunoglobulin G (IgG) at a concentration of 10 g/mL at the time of Matrigel gelation (8) . The human EGFR-blocking monoclonal antibody mAb225 (Oncogene Research Products, San Diego, CA) was added as purified mouse IgG at a concentration of 4 g/mL (8) . Nonspecific rat IgG was obtained from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA). Tyrphostin AG 1478 (a potent protein tyrosine kinase inhibitor; Calbiochem Corp., La Jolla, CA), PD98059 (a specific inhibitor of MAPK; New England Biolabs, Inc., Beverly, MA), and LY294002 (an inhibitor of PI3K; Biomol, Plymouth Meeting, PA) were dissolved in dimethyl sulfoxide. PD98059 and LY294002 were used at 4 M for the single treatment of MDA-MB-231 cells and at 2 M for combined treatment of these cells. All inhibitors were added to the medium on alternate days. The concentration of inhibitors used for assays permitted 50% growth inhibition under standard culture conditions without apparent cell death. The optimal inhibitor concentrations for the MDA-MB-231 cells were used with the other aggressive breast cancer cells for comparison. Control cultures were treated with vehicle only.
5-Bromo-2-deoxyuracil Incorporation Index
The proliferative rate of cells grown in 3D rBM was measured by assaying 5-bromo-2-deoxyuracil (BrdUrd) incorporation with a commercially available labeling and detection kit (Boehringer Mannheim GmbH, Mannheim, Germany). Briefly, after 9 days, cells were pulse-labeled with BrdUrd for 24 hours, released from Matrigel with Dispase (Collaborative Biomedical Products, Bedford, MA), and then allowed to spread on gelatincoated coverslips before fixation. Labeled nuclei were detected, according to the manufacturer's instructions (Boehringer Mannheim GmbH). BrdUrd-labeled indices were determined by visually scoring nuclei stained with 4Ј,6-diamidino-2-phenylindole in 200-400 cells and thereafter scoring BrdUrd-positive cells as a percentage of the total cell number (8, 9) . Each experiment was repeated at least three times, and each point was in triplicate. Values given are the results of one representative experiment, all with similar results.
Immunoblotting
Cells grown as monolayers were lysed in situ in RIPA buffer (1% Nonidet P-40, 0.5% deoxycholate, 0.2% sodium dodecyl sulfate, 150 mM sodium chloride, and 50 mM Tris-HCl [pH 7.4] containing 2 mM sodium fluoride, 1 mM sodium orthovanadate, leupeptin at 10 g/mL, pepstatin at 10 g/mL, aprotinin at 10 g/mL, E64 at 10 g/mL, and 1 mM Pefabloc [Sigma Chemical Co., St. Louis, MO]). Cells grown in 3D rBM cultures were first isolated as colonies in ice-cold PBS/EDTA (0.01 M sodium phosphate [pH 7.2] containing 138 mM sodium chloride and 5 mM EDTA), as previously described (8, 9) , and thereafter lysed in RIPA buffer. Equal amounts of protein lysates were loaded on reducing Laemmli gels (21) and analyzed on immunoblots. Positive bands were detected with an enhanced chemiluminescence (ECL) system (Amersham Biosciences, Piscataway, NJ). For immunoblot analysis of EGFR, ␤1 integrin, and E-cadherin, antibody clones 13, 18, and 36 were used, respectively (BD Biosciences, San Jose, CA). For immunoblot analysis of cadherin 11 and ␤-actin, we used antibody clones cad113H (a gift from M. Bussemakers, University Hospital Nijmegen, The Netherlands) (22) and PT-66 (Sigma Chemical Co.), respectively.
Soft Agar Assays
Approximately 1 × 10 4 cells were first plated in 1 mL of DMEM/F12 containing 5% fetal bovine serum and 0.3% agarose and then overlaid with 1 mL of 1% agarose, with or without an inhibitor treatment. Cultures were maintained for 10 days. Duplicate wells were scored positive when colonies exceeded the minimum diameter of 80 m (9). Experiments for MDA-MB-231 and MDA-E-cad cells were done in triplicate and repeated three times. One representative experiment is shown.
Invasion Assays
Invasion assays were performed in a modified Boyden chamber with filter inserts (8-m pores) for 24-well plates (Collaborative Biomedical Products) (23) . Filters were coated on ice with 10 L of Matrigel protein at 6-8 mg/mL. Approximately 1 × 10 5 cells were plated into the upper chamber in 200 L of DMEM/F12 containing 5% fetal bovine serum. The lower chamber was filled with 300 L of medium. Blocking antibodies and inhibitors were added immediately after cell plating at the concentrations described above. After 18 hours in culture, cells were fixed with 5% glutaraldehyde in phosphate-buffered saline and stained with 0.5% toluidine blue (Sigma Chemical Co.) in 2% Na 2 CO 3 . Cells on the upper side of the filter, including those in the Matrigel, were removed with paper towels, and cells on the lower side of the filter were visualized and counted. Each experiment was repeated four times in duplicate, and one representative experiment is shown.
Tumor Formation In Vivo
Approximately 5 × 10 5 MDA-MB-231 cells were plated on 100-mm 2 tissue culture dishes (Falcon; BD Biosciences) and treated with 4 M LY 294002, 4 M PD 98059, 10 g/mL AIIB2 alone, or 10 g/mL AIIB2 plus 2 M LY 294002 4 hours after plating. Cells were propagated for 3-4 days, trypsinized, washed three times in DMEM/F12, and incubated with the above reagents for 2 hours. Control cells were treated with mock antibody (nonspecific rat IgG) and dimethyl sulfoxide. Approximately 1 × 10 6 cells were then injected subcutaneously into the rear flanks of 6-to 7-week-old BALB/c nu/nu mice. Tumor nodules were measured 4 weeks after injection.
RESULTS
Reversion and Inhibition of ␤1 Integrin, PI3K, or MAPK
Malignant T4-2 cells (HMT-3522), grown in 3D rBM, are reverted phenotypically by treatment with anti-integrin antibodies, EGFR antibodies or inhibitors, or an MKK1 inhibitor (9) . This reversion is paralleled by a reduction in malignant behavior and tumorigenicity (9) . More recently, we have found that inhibition of PI3K has a similar effect (24) . To determine whether similar reversion can be obtained with other breast cancer cells, we chose the rapidly growing MCF7 and the highly invasive and metastatic MDA-MB-231 and Hs578T breast tumor cell lines. We assessed the effect of individual inhibitors of ␤1 integrin (AIIB2), PI3K (LY294002), or MAPK (PD98059) pathways on the morphology of all three cell lines grown in 3D rBM and on their invasiveness in Boyden chambers. In 3D rBM, MCF7 cells formed large, loose aggregates similar to T4-2 cells (Fig. 1, A) , and the addition of AIIB2, LY294002, or PD98059 equally reduced the size of aggregates (Fig. 1, A and B, and data not shown). Both MDA-MB-231 and Hs578T cells formed stellate structures in 3D rBM (Fig. 1, A) , but treatment of either cell line with AIIB2 altered the growth rate and the morphology of colonies, leading to the formation of compact aggregates that were reminiscent of the colonies formed by untreated T4-2 cells in 3D rBM [ Fig. 1, A and B, and (8,9) ]. Although the PI3K inhibitor LY294002 (Fig. 1 ) and the MAPK inhibitor PD98059 (data not shown) reduced the size of cell colonies (25) , neither inhibitor strongly affected the morphology of cell aggregates (Fig. 1, A) . All three inhibitors reduced cell growth by 60%-70% (Fig. 1,  B ). Similar to findings for HMT-3522 T4-2 cells, treatment of MDA-MB-231 cells and Hs578T cells with these inhibitors did not induce cellular apoptosis (data not shown). The invasive behavior of cell lines was analyzed as another marker of a tumorigenic property and quantified by Matrigelcoated Boyden chamber assays (Fig. 1, C) . MCF7 cells did not invade through Matrigel-coated filters, but as previously reported (26), both MDA-MB-231 and Hs578T breast tumor cells were invasive. The addition of AIIB2 or LY294002 inhibited, but did not completely block, the invasive behavior of MDA-MB-231 and Hs578T cells (Fig. 1, C) . PD98059 had an effect similar to that of LY294002 (data not shown).
The response of MDA-MB-231 tumor cells to the addition of single inhibitors EGFR (mAb225), AIIB2, LY294002, and PD98059 was then analyzed and compared with the responses of T4-2 cells (8, 9) . Treatment of MDA-MB-231 cells with the EGFR-neutralizing antibody mAb225 had no detectable effect on either morphology in 3D rBM or rate of growth (Fig.  2, A and B) . This result is consistent with previous observations that MDA-MB-231 cells respond poorly to the mitogenic effects of EGF or EGFR-neutralizing antibodies when grown as monolayers (13) (14) (15) . The AIIB2 antibody, PD98059, and LY294002 inhibited growth in 3D rBM to a similar extent (Fig.   2, B) . Because AIIB2 antibody had the strongest effect on the morphology of MDA-MB-231 tumor cells grown in 3D rBM, the response of the MDA-MB-231 cells to AIIB2 was investigated in more detail and compared with the phenotype of both S1 (nonmalignant) and AIIB2-treated T4-2 tumorigenic cells. The AIIB2-treated MDA-MB-231 cells formed larger colonies than S1 cells (Fig. 2, A and C [inset] ) and exhibited a partially organized cortical actin cytoskeleton as compared with IgG-treated MDA-MB-231 cells, which showed a disorganized actin cytoskeleton (Fig. 2, C) . S1 and antibodytreated T4-2 cells formed well-organized, cortical actin cytoskeletons [ Fig. 2, C (inset) and (8,9) ]. Neither AIIB2-treated MDA-MB-231 cells nor control IgG-treated cells showed distinct polarized ␤4 integrin (data not shown). Collectively, these experiments demonstrate that, although individual inhibition of MAPK or PI3K reduced growth of MDA-MB-231 cells grown in 3D rBM and although AIIB2 antibody also induced a limited degree of structural organization, none of these treatments alone was sufficient to produce a full phenotypic reversion. 
Reversion and Reduced Malignant Behavior With
Treatment of T4-2 cells with any one inhibitor was sufficient to allow a reversion to a nonmalignant phenotype in 3D rBM (9) . Because this mode of treatment was not sufficient to produce a similar phenotypic conversion in the more aggressive cell lines, simultaneous inhibition of more than one pathway was assessed for synergistic effects. The three cell lines were grown in 3D rBM with the AIIB2 antibody combined with either LY294002 or PD98059. We also tested the response of MDA-MB-231 cells to a combination of LY294002 and PD98059 in the absence of AIIB2. In MCF7 and MDA-MB-231 tumor cells, treatment with AIIB2 and either LY294002 or PD98059 reduced the colony size to nearly that of S1 or reverted T4-2 acini (Figs. 1, B, and  3, A) . In contrast, combined use of AIIB2 with either LY294002 or PD98059 resulted in death of Hs578T tumor cells (Fig. 1, A) . These combinations of inhibitors also strongly reduced the invasiveness of MDA-MB-231 tumor cells in Boyden chamber assays (Fig. 1, C) . The combination of LY294002 and PD98059 did not cause the morphology of MDA-MB-231 tumor cells to revert to normal (Fig. 3, A) , although the growth of these cells in monolayer and cell treatment with the AIIB2 antibody plus LY294002 or PD98509 were similar (Fig. 3, C , and data not shown). Thus, these results show that morphologic reorganization and inhibition of proliferation are distinct phenomena.
We targeted the MDA-MB-231 tumor cell line for further evaluation of phenotypic reversion induced by a combination of inhibitors. Treatment of MDA-MB-231 cells with AIIB2 and either PD98059 or LY294002 promoted a polarized, basal distribution of ␤4 integrins (Fig. 3, B) and the formation of a well-organized cortical actin cytoskeleton (Fig. 3, Ad, inset) . Thus, the phenotypic reversion of MDA-MB-231 cells treated with two inhibitors was similar to that of T4-2 tumor cells treated with one inhibitor. Growth rates of MDA-MB-231 tumor cells, measured by BrdUrd incorporation, were also substantially reduced by these treatments (data not shown). To investigate whether dual inhibition of ␤1 integrin and PI3K or MAPK was sufficient to reduce other indicators of malignant behavior, we assessed anchorage-independent growth in vitro and tumor formation in nude mice. Compared with untreated MDA-MB-231 cells, MDA-MB-231 cells treated with AIIB2, LY294002, or PD98059 alone exhibited a 40% decrease in anchorage-independent growth, whereas MDA-MB-231 cells treated with combinations of AIIB2 and LY294002 or PD98059 exhibited an 80% decrease in anchorage-independent growth (Fig.  3, C, and data not shown) . Nude mice injected with MDA-MB-231 cells treated with AIIB2, LY294002, or PD98059 produced fewer and smaller tumors than mice injected with untreated tumor cells (Table 1) . MDA-MB-231 cells treated with a combination of AIIB2 and LY294002, however, produced no detectable tumors in any of the injected mice during the time frame of the experiment (Table 1 ). These results demonstrate that reversion of MDA-MB-231 cells in 3D rBM results in long-term inhibition of tumorigenic behavior, despite the fact that the treated cells retain their original mutated genome.
Decreased Levels of ␤1 Integrin and Cadherin 11 After Combined Inhibition of ␤1 Integrin and PI3K or MAPK
We have previously noted that a decrease in the expression of ␤1 integrins and EGFR in T4-2 cells is cross-regulated when cells are treated with inhibitory anti-␤1 integrin antibody and grown in 3D rBM (8, 9) . Consequently, we were not surprised to find that the more aggressive MDA-MB-231 cells also show some cross-modulation. ␤1 integrin, cadherin 11, and EGFR levels were measured in MDA-MB-231 cells treated with AIIB2, LY294002, or PD98059 alone or with combinations of AIIB2 and either LY294002 or PD98059. Treatment with LY294002 or PD98059 alone did not strongly alter the expression of ␤1 integrin. In contrast, treatment with AIIB2 alone reduced ␤1 integrin expression slightly, and treatment with AIIB2 plus LY294002 or AIIB2 plus PD98059 strongly decreased the expression of ␤1 integrin (Fig. 4) . EGFR protein expression, which is low in MDA-MB-231 cells, was not measurably altered by any of these treatments (Fig. 4) .
In addition to the expression of integrin and growth factor receptor, the levels and localization of cell-cell adhesion proteins are important for maintaining the normal phenotype of epithelial cells. Loss of E-cadherin in malignant breast epithelial cells is associated with an invasive phenotype, and its restoration reduces invasion (27) (28) (29) (30) . Although the expression of E-cadherin is frequently decreased or absent in malignant breast epithelial cell lines, cells often express other cadherins, including N-and P-cadherins, as well as cadherin 11 (26) . MDA-MB-231 cells do not express N-cadherin [data not shown and (26)], but they do express cadherin 11, which is associated with increased motility and invasive potential of some breast cancer lines (22, 25, 27) . Treatment of MDA-MB-231 cells with AIIB2, AIIB2 plus LY294002, or AIIB2 plus PD98059 decreased the expression of cadherin 11 (Fig. 4) , which may account for the reduced invasiveness associated with these treatments (Fig. 1, C) . These treatments did not lead to re-expression of E-cadherin in MDA-MB-231 cells (data not shown).
Reversion of MDA-MB-231 Cells With E-Cadherin Expression and Treatment With a Single Inhibitor
Exogenous expression of E-cadherin in MDA-MB-231 cells has been shown to promote the formation of prominent cell-cell adhesions, an altered cellular morphology, and a marked decrease in osteolytic bone metastasis in nude mice (19, 28) . When grown in 3D rBM, colonies of MDA-MB-231 cells transfected with E-cadherin (MDA-E-cad) were compact, similar to parental cells treated with AIIB2 (compare Fig. 5 , Ab, with Fig. 1, A) . Transfected cells were only partially reverted, as indicated by a 50% growth reduction (data not shown), larger colony size relative to S1 cells, and a partially organized, cortical, filamentous actin cytoskeleton (compare Fig. 5 with Figs. 2 and 3) . BrdUrdlabeling indices of MDA-E-cad cells were similar to those of MDA-MB-231 cells treated with AIIB2 (data not shown), but MDA-E-cad colonies were larger (compare Fig. 2, A, with  Fig. 5, A) .
To determine whether inhibition of additional pathways, in combination with forced expression of E-cadherin, would achieve a more complete reversion, we treated MDA-E-cad cells with AIIB2, LY294002 (Fig. 5, C) , or PD98059 (data not shown) alone. We found that these treatments produced small colonies similar in size and BrdUrd labeling to normal S1 acini (Fig. 5, C , and data not shown). These treated colonies also exhibited a well-organized, cortical, filamentous actin cytoskeleton (Fig. 5, D ) similar to that in S1 cells or reverted T4-2 tumor cells (8, 9) .
Finally, we assessed the effect of E-cadherin expression combined with inhibition of ␤1 integrin, PI3K, or MAPK on the behavior of MDA-MB-231 cells grown on soft agar. The anchorage-independent growth of MDA-E-cad cells (E-cadherintransfected MDA-MB-231 cells) was not substantially lower than that of empty vector-transfected parental cells. When MDA-E-cad cells were treated with AIIB2, LY294002 (Fig. 5,  E) , or PD98059 (data not shown), alone or with AIIB2 plus LY294002 or PD98059, anchorage-independent cell growth was inhibited to a similar extent (compare Fig. 3, C, with Fig. 5, E) . Although expression of E-cadherin in the absence of treatment with signaling inhibitors (or vice versa) was insufficient to inhibit the malignant phenotype of MDA-MB-231 cells, the combination of E-cadherin transfection and treatment with signaling inhibitors led to phenotypic reversion.
DISCUSSION
In this article, we describe the ability of signaling inhibitors to either revert invasive and metastatic breast cancer cells to a near-normal phenotype or to cause cell death. Reversion to a near normal phenotype was defined by the formation of small, growth-arrested, well-differentiated, and polarized acinar structures in 3D rBM. We previously found that when HMT-3522 T4-2 cells, a tumorigenic but less invasive breast tumor cell line than the cell lines used in this study, were grown in 3D rBM, inhibition of EGFR, ␤1 integrin, PI3K, or MAPK alone was sufficient to restore formation of normal breast structures (8, 9) .
These inhibitors also promoted phenotypic reversion in 3D rBM of MCF7 breast tumor cells, which proliferate rapidly but, like HMT-3522 T4-2 cells, are not invasive. The single-treatment regimens produced neither complete phenotypic reversion nor cell death of invasive MDA-MB-231 or Hs578T tumor cells in 3D rBM. However, altering adhesion receptor levels (by inhibiting ␤1 integrin or by expressing E-cadherin) while simultaneously inhibiting one of the intracellular protein kinase signaling pathways (by inhibiting PI3K or MAPK) effectively reverted the more aggressive tumor cells (e.g., MDA-MB-231 cells) or caused cell death (e.g., Hs578T cells). Therefore, tumor cells such as MDA-MB-231 cells, despite having a mutated genome, still retain the ability to be restored to a nonmalignant phenotype when they are grown in an appropriate 3D context. Because this treatment prevents tumor formation in vivo, transient reconfiguration of these signaling pathways has a lasting effect on cell phenotype. These results provide further evidence that balanced integration of signals from cell-ECM, cell-cell, and growth factor pathways is required for the formation of differentiated tissue-like structures and that this integration can be achieved even when key intracellular signaling pathways are constitutively deregulated by mutations. We predict that the combined inhibition of aberrant ECM and/or cell adhesion receptors and intracellular signaling pathways is a potential therapeutic approach that may be a more effective treatment for aggressive breast tumors than the use of single inhibitors (8, 9, 24) , and that assaying these treatments in 3D rBM may be a useful method to identify the optimal combination for a particular tumor cell.
Previous studies have shown that ␤1 integrins play a prominent role in the invasiveness and metastatic potential of MDA-MB-231 cells (29, 30) . ␤1 integrins, which are required for growth, differentiation, and prevention of apoptosis of normal mammary epithelial cells (5), coordinate signaling through EGFR and other growth factor receptors (3, 4, 31) . Overexpression and/or defective signaling through this cell-ECM receptor and the growth factor receptor EGFR affect characteristics associated with tumor invasiveness and metastatic potential (31) (32) (33) (34) .
Unlike the effect in T4-2 cells (7), inhibition of EGFR activity had no measurable effect on the phenotype and the tumorigenic properties of MDA-MB-231 cells in our assay. A previous study showed that EGF promotes the migration of MDA-MB-231 cells in vitro (35) , but inhibition of EGFR did not block invasion of MDA-MB-231 cells in 3D rBM. The lack of effect of EGFR function-blocking antibodies on the phenotype of MDA-MB-231 cells noted in this article is consistent with previous work demonstrating that MDA-MB-231 cells lack a proliferative response to EGF (11, 13) , a signaling defect that may result from the presence of an activating mutation in Ras (13, 15) .
In addition to rendering MDA-MB-231 cells less responsive to the mitogenic effects of EGF than cells with a wild-type Ras gene, the presence of a ras mutation would also constitutively activate signaling through effector pathways that activate PI3K and MAPK. These kinases act downstream of both ␤1 integrins and EGFR, and their constitutive activation in MDA-MB-231 and Hs578T cells partially explains the requirement for inhibiting these pathways to achieve reversion or cell death. However, the requirement for a ␤1 integrin blockade in addition to the blockade of either PI3K or MAPK suggests that ␤1 integrin signaling provides critical regulatory input to these pathways. Regulation could involve coupling or partial uncoupling of these kinases with other signaling pathways downstream of ␤1 integrins or with those pathways originating from other cell surface ECM receptors, such as dystroglycan [Mushler J, Bissell MJ: unpublished results, and (36, 37) ] or E-cadherin. Certainly, one important difference between T4-2 cells and either MDA-MB-231 or Hs578T cells is that the latter cells express no measurable E-cadherin.
E-cadherin is a Ca 2+ -dependent cell-cell adhesion protein, the loss of which is strongly associated with breast tumor progression (38) and enhanced tumor cell motility and invasion in vitro (39) . Although some malignant cells, including T4-2 cells, still express E-cadherin, expression of this protein does not always result in functional cell adhesion sites (8, 9, 40) . E-cadherin is coupled to signaling pathways regulated by ras, and activation of ras-MAPK or ras-PI3K pathways can result in disassembly of E-cadherin-mediated cell-cell junctions (41) (42) (43) (44) (45) . Conversely, suppression of the ras-erk pathway can permit the expression of E-cadherin and/or reassembly of cadherins and other proteins required for functional cell-cell adhesion sites (44, 46) . Consistent with these reports, we have previously shown that inhibition of the MAPK pathway promotes E-cadherin-mediated cell-cell adhesion in T4-2 tumor cells (9) . In MDA-MB-231 cells, however, we found that inhibition of MAPK or PI3K did not result in re-expression of E-cadherin; this defect may thus underlie the requirement for inhibition of both ␤1 integrin and ras effector pathways to achieve reversion. An important consequence of exogenous Ecadherin expression in MDA-MB-231 cells was the resultant alteration in reversion requirements: E-cadherin expression permitted reversion to occur in the presence of any one of the three inhibitors used in this study, even though the genome of the MDA-MB-231 cells was otherwise unaffected. Previous investigations have shown that E-cadherin signaling is integrated with signaling from integrins and growth factor receptors through MAPK (8, 9) and PI3K, and that alterations in cadherin 11 can also affect the level and activity of integrins (and vice versa) (40, 47) , although the exact alteration is highly cell typedependent (48) (49) (50) .
In summary, we have shown that alteration of adhesion receptors and intracellular signaling pathways can be used to successfully revert the malignant phenotype of aggressive breast cancer cell lines that bear activating mutations in key regulatory genes, if these manipulations are performed in a physiologic context. Clearly, correction of ␤1 integrin, EGFR, and E-cadherin signaling is not the only way to achieve phenotypic reversion. However, these results show that the 3D rBM assay can be used to identify which particular combinations of inhibitors may be the most effective for a given subset of breast cancers (4) . Thus, this assay may be of use for designing tumor-specific therapy regimens with the potential to kill cancer cells or to revert breast cancer progression.
